Abstract-Carbon black is a very pure form of very finely divided paniculate carbon used mainly in the automotive tyre industry. Its carbonaceous nature and submicron size (unpelleted) have raised concerns with regard to its ability to affect respiratory morbidity. This paper describes the exposure to carbon black dust in the first and second phase of a large multi-national epidemiological study investigating the magnitude of these exposure-related effects. In Phase I, 1278 respirable dust samples were taken (SIMPEDS cyclone) which increased to 2941 in Phase II with a similar rise in the number of total inhalable dust samples (IOM head) from 1288 in Phase I to 3433 Phase II. Exposure dropped markedly between the two phases with total inhalable dust showing a bigger reduction (49.9%) than respirable dust (42%), although the mean exposure for certain factories and job categories dropped more than others. The data are presented by the 14 job titles/numbers (21-34). The highest mean exposure in both phases and for both dust fractions is experienced by the warehouse packers and they are also most likely to exceed the OES of 3.5 mg m~3 (35.1% of samples in Phase I and 12.0% in Phase II).
INTRODUCTION
This paper describes the results of the first two phases of a large occupational hygiene assessment of exposure to carbon black in its manufacture. The main purpose of this work is to describe accurately exposure for use in a 9-year threephase epidemiological study of respiratory morbidity. A total of 19 manufacturing facilities located in seven European countries are participating: two in Britain, three in France, five in Germany, three in Italy, two in The Netherlands, three in Spain and one in Sweden. These 19 factories are owned by four companies: Cabot, Degussa, Columbia Chemicals and Repsol Quimica.
What is carbon black?
Carbon black is a very pure form of carbon in which the carbon atoms have a turbostratic structure, i.e. the angular displacement of one layer of carbon atoms with respect to another is random and the layers overlap one another irregularly (Gardiner, 1995a) . The primary particle size depends on the method of manufacture but ranges from 1 to 500 nm.
History of manufacture
Carbon black was produced by the lampblack process for over 2000 years with little change until the mid-nineteenth century when a small factory in Pennsylvania, U.S.A., used the natural gas by-product of the local oil fields to produce channel black (Gardiner et al., 1992c) . The fortuitous discovery in 1904 that carbon black could reinforce rubber and aid resistance to abrasion led to a rapid increase in 66 K.. Gardiner et al. production. A variety of mainly economic factors caused the diversification of the methods of manufacture with the most recently developed method (oil-furnace) now being used in all 19 European factories. A more detailed description of the various methods of manufacture is presented elsewhere (Gardiner et al., 1992c; Gardiner, 1995a) .
JUSTIFICATION FOR THE STUDY

Previous epidemiological studies
Since 1951 (Gartner and Brauss, 1951) there have been a number of studies published addressing the question of respiratory morbidity associated with occupational exposure to carbon black. In the main, three methods of clinical assessment have been used: chest radiographs, spirometry, and respiratory symptoms. Unfortunately, the majority of the studies have profound methodological weaknesses which include: the validity of the techniques used for health assessment; the size of the population investigated and the proportion this constituted of the whole exposed population; the selection criteria; the lack of assessment of potential confounders (smoking, previous exposures, etc.) ; the use of a simple cross-sectional design; and the almost complete absence of exposure data necessitating the use of surrogates, such as current job or duration of employment. A more complete review of all of the published respiratory morbidity studies is available elsewhere (Gardiner, 1995b) .
Previous occupational hygiene measurements
As mentioned above, remarkably few of the epidemiological studies took or used any exposure data. However, a number of other investigators have taken a limited number of measurements, although mainly for the purpose of compliance testing; such as those taken by the U.S. Occupational Safety and Health Administration (OSHA, 1977) and the National Institute of Occupational Safety and Health (NIOSH, 1978 (NIOSH, , 1981 . These data are discussed in more detail elsewhere (Gardiner et al., 1992c; Gardiner, 1995a) .
The effect of potential confounding exposure from the gaseous by-products entrained in the production stream, such as carbon monoxide, acetylene and hydrogen sulphide, the major product of this pyrolysed off-gas (sulphur dioxide) or the elemental impurities in the product (iron, nickel and vanadium), have never previously been investigated formally (Gardiner et al., 1992b; Sokhi et al., 1990 ).
Industry's concern
The equivocal results of the studies mentioned previously, in conjunction with the questionable methodologies and almost complete lack of detail reported, prompted the European Carbon Black Centre (ECBC) via its sub-group the European Committee for the Biological Effects of Carbon Black (ECBECB) to commission a major epidemiological study.
Following a feasibility study in 1985, a longitudinal study incorporating three cross-sectional elements over a period of 9 years involving all manufacturing facilities owned by the sponsors within Europe was proposed and accepted. The Occupational exposure to carbon black: data from 1987 to 1992 67 results of the first phase have been published (Gardiner et ai, 1992a (Gardiner et ai, ,b,c, 1993 , however, the re-amalgamation of the job titles has required the Phase I results to be presented again along with those of Phase II in this paper.
METHODS AND MATERIALS
Survey equipment
As in the first phase, both respirable and total inhalable dust fractions (Ogden, 1988) were measured by means of the SIMPEDS cyclone (Harris and Maguire, 1968; Kenny et ai, 1987) and the Institute of Occupational Medicine (IOM) sampling head (Mark and Vincent, 1986) , respectively. The main reason for the use of these two samplers, other than their ability to meet the standards for health related dust fractions, was their use of cassettes which enabled them to be sent to and from the various factories and the Institute of Occupational Health (IOH) (Mark, 1990) . In Phase I, a great many filters (glass fibre) were damaged by the aluminium SIMPEDS cyclone which allowed too much internal movement and therefore the only major change from Phase I was the use of conductive plastic cassettes.
Sampling strategy
In Phase I 13 different job titles were identified and in conjunction with industry representatives were amalgamated into five job categories (A-E), as shown in Table  1 . Each factory then assigned a job title to each participant (which defined their job category) and sent a list of their unique identification numbers for each job title to the IOH. A proportion of these were then randomly chosen according to the NIOSH sampling strategy (90% confidence of sampling an individual in the top 10%) (Leidel et al., 1977) . The identification numbers of the chosen individuals were then randomized over the job categories to prevent any temporal bias entering the order of sampling. A set of these identification numbers were then produced for both dust fractions and all factories. A number of fundamental changes were made to the sampling strategy in Phase II. The amalgamation of the 13 job titles into five job categories was meant to create groups of homogeneous exposure, however, both personal experience of one of the authors and review of the variability of the Phase I data necessitated their reamalgamation. In addition, a clear dichotomy existed within the administrative workers in so much as a proportion of these never ventured out onto the site whereas others split their working time between the office and the production site. It was therefore decided to split this group into two. In order to avoid confusion the job titles were given new numbers (21-34) with new letters for the job categories (S-Z). These are presented in Table 2 .
The other major change was the means by which the number of samples required was calculated. The main purpose of collecting this exposure data is for use in an epidemiological study and therefore it is the precision with which the mean of each job category/factory can be estimated that is critical. However, the NIOSH sampling strategy was developed in order to assess compliance (i.e. the likely highest exposure within a homogeneously exposed group on 1 day) and not to provide estimates of mean exposure with low variability. As mentioned previously, the re-amalgamation of job titles was an attempt to reduce this variability but another way of gaining greater confidence in the estimates of mean exposure is to increase the number of samples taken. A number of formulae are available to calculate the required numbers of samples if there is already extant data (which there was not in Phase I) or assumptions are made about the level of acceptable error. However, with a study of this nature (all samples being taken by factory personnel) a balance must be found between the scientific requirements of the study and the need of factory personnel to ensure that production is maintained.
We therefore required a formula that would reflect the number of individuals in each job category and the variability of the data found in the same group in Phase I. To facilitate this, the whole of the Phase I data set for respirable and total inhalable dust was recalculated (including geometric standard deviations, GSD) according to the new amalgamation of job categories. An arbitrary level of job category/factory homogeneity was defined as a geometric standard deviation of 2 and therefore in order to obtain data of equal precision to that expected if GSD was <2, a multiplication factor was derived for each job category/factory by use of the formula [log(GSD)/log(2)] 2 . The NIOSH sampling strategy was used again in Phase II to derive the required number of samples (90% confidence of sample in top 10%) and this number was multiplied by the factor for each job category/factory as acquired from the formula above (Gardiner, 1995b, in press ).
Hygiene methods
To ensure uniformity of technique across the factories all personnel were trained and were given a comprehensive training manual. The order of individuals to be sampled was dictated by the Sampling Registers but where this was not possible a suitable alternate could be taken with a return to the original order as quickly as possible. The process of sampling, and despatch and receipt of boxes of filters/ cassettes from the IOH continued for 1 year. In addition to the provision of the training manual and training course, the quality of the data was ensured by a number of means which included; post-sampling audit by the factory hygienist for sample overload, etc., assessment of the filter/cassettes (for overload, broken/ damaged, etc.) on receipt at the IOH, assessment of the Record Sheets for correct flow rates and durations and plant visits by the research team using a standard questionnaire.
RESULTS
The total number of respirable dust samples increased from 1278 in Phase I to 2941 in Phase II, a 230% increase with those for total inhalable dust increasing from 1288 to 3433, a 267% increase. This is due mainly to the within factory/job category variability of the data found in Phase I, and to a lesser extent on the increased level of participation (which increased overall from 77.8 to 89.5%) and the increase in the number of job categories [from five (A-E) in Phase I to eight (S-Z) in Phase II].
In order to obtain a reasonably accurate estimate of an individuals exposure on the day of sampling, and thereby average for that factory/job category, it is necessary for samples to be taken for as near to their complete work shift as possible. The mean sample duration (and standard deviation) in Phase I was 397.1 (71.8) and 394.4 (73.4) min for respirable and total inhalable dust, respectively, with slightly shorter mean durations in Phase II of 380.8 (86.5) and 383.1 (88.2) min for respirable and total inhalable dust, respectively. The flow rates, critical for the SIMPEDS cyclone, were 1.91 1. min" 1 at the start and end of sampling in both phases, and 1.99 1. min"" 1 for total inhalable dust in both phases at the start and end of sampling. The closeness of these values to those required is due probably to the fact that these were the specified flow rates as well the fact that the hygienists had been instructed to reject any samples with a deviation in of ±0.1 1. min" 1 for the SIMPEDS cyclone and 0.51. min~' for the IOM head. If the factory hygienists had failed to do this then the sample was rejected by the IOH and repeats requested. In order to accurately calculate the measures of central tendency for the exposure data it is necessary to first assess the distributional form of the data. It is usual for exposure data to be log-normally distributed (Esmen and Hammad, 1977) and therefore a Lilliefors test was performed on the data for each factory's job categories (Steel and Torrie, 1981) . Data in only 18% of these combinations were found not to be log-normally distributed and therefore geometric means and standard deviations have been calculated along with arithmetic means and standard deviations. Lastly, the maximum value for each job category/job number have been quoted along with excursions above the European Occupational Exposure Standard (OES) of 3.5mgm~3 and the German OES of 6.0 mg m~3 for just total inhalable dust.
The exposure data for both dust fractions and both phases are presented, for the sake of brevity, just by job number in Tables 3-6. Table 3 presents the Phase I respirable dust data by job number showing geometric mean exposure rising from 0.15 (S21) to 0.50 mg m~3 (Y33) with the arithmetic means for the same data rising from 0.20 (S21) to 0.98 mg m~3 (Y33).
The maximum values range from 0.94 (V27) to 19.36 mg m~3 (X31). The comparable data for Phase II are presented in Table 5 , where geometric mean exposure rises from 0.09 (S21) to 0.35 mg m~3 (Y33) with the arithmetic means for the same data rising from 0.17 (S21/22) to 0.68 mg m~3 (Y33). The maximum values range from 1.16 (S22) to 24.65 mg m~3 (U25). Table 4 presents the Phase I total inhalable dust data by job number with the geometric mean total inhalable dust exposure not surprisingly being higher than for respirable dust and rises from 0.18 (S21) to 1.96 mg m~3 (Y33) with arithmetic means for the same data rising from 0.29 (S21) to 4.04 mgm" 3 (Y33). The maximum values range from 2.27 (S21) to 41.11 mg m~3 (Y33). The comparable data for Phase II is presented in Table 6 , where geometric mean exposure rises from 0.12 (S21) to 1.06 (W30) mg m~3 with the arithmetic means for the same data ranging from 0.19(S21) to 1.73 mg m~3 (Y33). The maximum values range from 1.40 (T24) to 19.95mgm-3 (Y33). The collection of these data, although mainly for the purposes of an epidemiological study, facilitates a crude assessment of legislative compliance. Table 4 for Phase I, and Table 6 for Phase II present the percentage of the samples taken which are in excess of the European OES of 3.5 mg m~3 and the German OES of 6.0 mg m~3. In Phase I, 9.7% of the samples are greater than the 3.5 mg m~3 OES with 5.0% of all of the samples above the 6.0 mg m~3 OES. This decreased for Phase II, where 3.2 and 1.4% exceeded the 3.5 and 6.0 mg m~3 OESs, respectively. In order to assess whether the dust concentrations mentioned above are those to which the participants are really exposed the prevalence of wearing respirators was quantified in each phase by completion of the Dust Record Sheet. In both phases the type and nominal protection factor were noted with the question of duration of use added in Phase II. These questions revealed that in Phase I individuals wore respirators only 1% of the time whilst being sampled and in Phase II this fell slightly to 0.8%. In both Phases respirator wearage was mainly in the higher exposure categories and almost exclusively of the ori-nasal type. The duration for which they were worn (in Phase II) was approximately 1 h; this along with the other information would suggest that the measurements are a reasonable estimate of inhaled dust exposure.
DISCUSSION
The approach of having generic job titles across multiple factories/companies is always less than ideal as the factories have to attempt to assign individuals into a specific job title-in which they may not comfortably reside. In addition, there are a number of job titles which, by oversight, have not been included, such as power station operator, laundry man, etc., and the factories then place them either in a job category with the closest function or estimated exposure. Fortunately, the various factories have informed the IOH that the number of people for whom this is an issue in any one factory is only of the order of 1 or 2.
An additional problem of assigning rigid job categories to individuals is the current need to be able to rotate jobs. Again, with the study design used in this investigation, where the factories are responsible for all exposure measurements, flexibility is limited. However, the sampling strategy is based on the desire to obtain accurate mean job category exposures and therefore the individual is less relevant than the job they are doing, that is they are simply wearing a sampling train whilst doing a certain job. Job rotation is used formally only in one factory in the process section with perhaps a few others using 'super-operatives' (again in the process section) who can 'stand-in', for absent colleagues, when required. In the factory utilizing job rotation they were unable to report accurately on what proportion of their time they spent in each job, mainly due to the fact that different people spent different proportions of their time doing the various jobs. It was therefore decided that the factories in which this occurred would assign the most appropriate job title to the individuals on the basis of assumed exposure and greatest proportion of their time.
To enable the calculation of the number of samples required for Phase II and to facilitate comparison of exposure measurements between the two phases, the Phase I exposure data were re-amalgamated from the A-E job categories to those of S-Z agreed for Phase II. The data for all factories are presented for respirable and total inhalable dust and job number for Phase I in Tables 3 and 4 and for Phase II in  Tables 5 and 6 . In the main, the desire to choose generic job categories/numbers for all factories and then stratify them by increasing level of exposure to carbon black has been successful, although perhaps more so with job categories than job numbers and in Phase II rather than Phase I. Other measures of assessing this, such as the proportion of total inhalable samples above the European or German OES of 3.5 or 6.0 mg m~3, respectively, or the maximum concentrations are indicative but not conclusive.
One of the most difficult issues when designing a sampling strategy for any epidemiological study is to decide on the number of samples to take. There was very little knowledge of the level and variability of exposure in the European carbon black industry and that from the United States was suggestive of low-level exposure with the variability unknown. It was therefore necessary to use a strategy which did not require detailed knowledge of exposure but simply the number of individuals in the group. It was for this reason that the NIOSH Sampling Strategy of 90% confidence of one sample being in the top 10% was used (Leidel et al., 1977) .
The resultant data in Phase I (job categories A-E) showed quite high geometric standard deviations (GSD) of > 2 and therefore the job categories and their job titles were re-amalgamated in an attempt to reduce these. In addition, to gain greater precision in the estimates of the means the variability of the data (in terms of geometric standard deviations) in Phase I (when re-amalgamated into job categories S-Z) was used in the following equation to derive a multiple by which to multiply the numbers of samples suggested by the NIOSH Sampling Strategy-[log(GSD)/ log(2)] 2 (Gardiner, 1995b, in press ). The reference geometric standard deviation of 2 is an abitrary one and does not compare well to that used by Rappaport (1991) to define homogeneity where he considers that 95% of the data should lie within a factor of 2 (.RO.95B) giving a geometric standard deviation of 1.2. If this value (GSD<1.2) is used in the equation mentioned above it would have resulted in very high multiplication factors-not unreasonable considering our aim of generating precision in the estimate of job category means but logistically and politically impossible.
The reference geometric standard deviation of 2 was therefore chosen as a means of increasing the numbers of samples to a practical maximum within a year (all of the factory hygienists had another full-time job). In addition, this technique also ensured that more samples were taken from those job categories with the higher variability and numbers of participants. The latter factor is important as participants objected to wearing a sampling train more than a few times a year. More sophisticated techniques of calculating the required number of samples were considered and tried for Phase II but were rejected due to the impossibly high number of samples they suggested.
As a result of the nature and diversity of the tasks within any one job title, the variability of the data would not be much less even if job titles were sampled as an entity rather than amalgamated with others into job categories. It is therefore felt that the job category groupings and the technique for calculating the number of samples was a reasonably successful compromise between the scientific requirements and the logistical and political difficulties of taking multiple samples.
The log-normality of the data necessitates the quoting of geometric means and standard deviations. In Phase I, mean respirable dust exposure ranged from 0.15 (S21) to 0.50 mg m~3 (Y33) with total inhalable dust ranging from 0.18 to 1.96mgm~3 again in S21 and Y33, respectively. In Phase II, mean respirable dust exposure ranged from 0.09 to 0.35 mg m~3 (S21 and Y33) and total inhalable dust from 0.12 to 0.96 mg m~3 (S21 and Y33). It is clear that average exposure in the industry is not high relative to the total inhalable dust OES of 3.5 mg m~3. In comparison with other published studies these data would appear to sit between the extremely high exposure found by Kollo (1960) {ca 1 g m~3), Komarova (1965) (ca 1 g m~3), Komarova (1973) (75% of samples > 10 mg m~3), Troitskaya et al. (1975) (100s of mg m~3) and the low levels of exposure found in the U.S. industry where airborne concentrations ranged from 0 to 2.20 mg m~3 with 76% of the samples being < 1.00 mg m~3 (Smith and Musch, 1982) .
The estimate of exposure can be modified by a number of means, the most obvious of which is the use of respiratory protective equipment (RPE). RPE usage whilst being sampled was assessed in Phase I and again in Phase II, except with the additional information of duration of use. It was evident that in only a few factories were respirators worn, and when they were worn they were of the ori-nasal type worn for approximately 1 h. This reinforces the belief that exposure has not been attenuated by such devices and is a reasonable estimate of personal exposure.
In terms of assessing true mean exposure additional problems can occur when co-ordinating a study remotely from the factories. The first is that despite the order in which samples should be taken being laid out clearly in the Sampling Registers the factory hygienist is at liberty to choose anyone he/she likes. This could result in either under or overestimates of the true mean exposure. Second, certain jobs in the factories can give rise to very high levels of exposure (such as replacing the filter socks in the filtration units) to such an extent that the samples on return to the IOH were rejected as being 'overloaded'. The sample was repeated and by default was only accepted if it was a lower concentration than the previous sample. This acts to underestimate the true exposure concentration, specifically of the higher job categories where this problem was more prevalent. This is shown clearly in Table 7 . A repeat study to assess the potential weight loss in transit was not undertaken in Phase II. This was owing to the fact that a statistically significant weight loss only occurred with sample masses in excess of 2 mg and therefore it could be concluded that some additional sampling error may be caused by sample loss but that these minor losses are far outweighed by the benefits of being able to collect large data sets simultaneously in multiple sites dispersed widely over Europe (van Tongeren et al., 1994) .
CONCLUSIONS
The continuation of this study has strengthened greatly the exposure database held by the industry. It is clear that following the results of Phase I efforts were made to reduce exposure with evident effect, although large inter-factory variance exists. One of the great benefits of longitudinal studies of this nature is that they enable the estimation of exposure modifiers which reduces the guesswork in the reconstruction of retrospective exposure-without doubt a necessity where chronic conditions are evident.
